ABSTRACT
INTRODUCTION
Monoclonal antibodies have provided reagents for the identification of marker proteins (and lipids and carbohydrates) expressed within cells (1) , on the surface of cells (2) or secreted from cells (3) . These reagents have had diverse uses, ranging from the localisation of cells in histological sections (1) to the use of fluorescence activated cell sorting (FACS) of populations of cells (4) . However given the nucleotide sequence encoding a desired marker, we could in principle use the mRNA species as a marker for a cell. We have therefore explored a process in which the mRNA is reverse transcribed within the cell, the cDNA is amplified using the polymerase chain reaction and is detected in the cell using fluorescent PCR primers.
In principle such a process could also be used to detect and to clone combinations of mRNAs by linking the PCR amplified cDNAs within the same cell. For example, in populations of cells such technology might be used to correlate the presence of HIV mRNAs in infected cells with markers such as CD4 on the same cell. In particular it could help in the cloning of Ig V-gene combinations from immunised or auto-immune sources using recombinant DNA techniques. At present, repertoires of antibody heavy and light chains are prepared from lymphocyte populations by PCR (5, 6, 7) , combined at random (8) and expressed as soluble fragments in bacteria for screening with antigen (8) , or displayed on the surface of filamentous phage and selected by panning (9, 10) . However the original combinations of heavy and light chains of the B-lymphocytes are destroyed (11, 12) , and the artificial combinations can be dominated by promiscuous chains (10, 13) , leading to different affinities (10) and specificities (14) . In-cell PCR and linkage of heavy and light chains would allow the original combinations of the B-lymphocytes to be retained.
Earlier work had shown that lentivirus DNA can be amplified in situ using PCR, and the infected cells detected by autoradiography (15) . We have developed a similar approach to making and amplifying cDNAs within the same cell, as demonstrated with two hybridoma cell lines, Bl-8 (16) and NQ10/12.5 (17) , and the K562 erythroleukaemia line (18) . The cells were fixed with formalin and permeabilised with the detergent NP40 to allow the access of nucleotides, primers and enzymes. For linking of the Ig heavy and light chain V-genes of the same cell during in-cell PCR, one primer was designed to prime at the 3' end of the VH gene, and another at the 5' end of the VL gene, but with complementary tails to allow the self-assembly of the VH and VL genes.
MATERIALS AND METHODS
Cell lines NQ2/12.4 and NQ10/12.5 murine hybridoma cells were grown in Dulbecco's modified Eagle's medium supplemented with 5% fetal bovine serum (FBS), and Bl-8 hybridoma cells in RPMI 1640 medium supplemented with 5% FBS. Cells were used or passaged at late log phase, when NQ10/12.5 secretes a x light chain (16, 17) . The sequences of the VH hybridomas are known (16, 17) . The cell line K562 was grown in RPMI carries the Philadelphia chromosome, a bcr-abl fusion gene as a result of a abl proto-oncogene on chromosome chromosome 22 (19) . almost all were viable, and Bl-8 a X light chain and VL genes for both human myeloid leukemia with 5% FBS. This line which is characterised by translocation between the 9 and the bcr gene on Cell fixation and permeabilisation Cells (10 7 to 10 8 ) were sedimented at 50Xg for 5 mins, washed 3 times in 5 ml phosphate buffered saline (PBS, pH 7.2) at room temperature, then suspended in 1 ml ice-cold 10% formaldehyde solution in 0.15 M NaCl (formal saline). They were kept on ice for 1 hour, with occasional agitation on a vortex mixer. They were then spun at 13,000 rpm in a microcentrifuge for 2.5 mins and washed 3 times in ice-cold PBS, with vigorous pipetting with a Pasteur pipette to resuspend and disperse any clumps visible by eye. The cells were next suspended in 0.5% Nonidet P40 (NP40, B.D.H.) in water. After a further 1 hour incubation on ice with frequent agitation, they were again washed 3 times in ice-cold PBS with vigorous pipetting. A final wash was given in PBS containing 0.1 M glycine, and the cells were resuspended in 0.2 to 0.5 ml of the same buffer, using a 1 ml syringe and 26 gauge needle to disperse the clumps visible using a light microscope. The cells were counted, and for most experiments adjusted to a final concentration of 10 7 per ml. They were frozen in small aliquots in dry ice and stored at -70 °C for up to a month. GAG GGT CCC GGA AAC 3'), B1-8BKNES (5' GAG CTT  GTG AAG CCT GGG GCT T 3'), MOLFORNES (5' CCC  AGC ACC GAA CGT GAG TGG 3'), B1-8FORNES (5' CCA  CCG AAC ACC CAA TGG TTG CT 3'), V 186.2 (5' AGA  CAA ACC CTC CAG 3') .
Second PCR (nested primers:). NQ10BKNES (5' AGC CTG
Second PCR (nested) tagged primers for fluorescence labelling. M13B1-8BKNES (5' CAG GAA AC A GCT ATG ACC GAG CTT GTG AAG CCT GGG GCT 3'), M13B1-8FORNES (5' CAG GAA ACA GCT ATG ACC CCA CCG AAC ACC CAA TGG TTG CT 3'), -21MOLFORNES (5' TGT AAA ACG ACG GCC AGT CCC AGC ACC GAA CGT GAG TGG 3'), -21NQ10BKNES (5' TGT AAA ACG ACG GCC AGT ACG CTG GAG GGT CCC GGA AAC 3'), -21BCR1B (5' TGT AAA ACG ACG GCC AGT TCT GAC TAT GAG CGT GCA GA 3'), -21ABL2D (5' TGT AAA ACG ACG GCC AGT AGT GCA ACG AAA AGG TTG GG 3').
Third PCR fluorescent primers. -21ROX or -21FAM (5' TGT AAA ACG ACG GCC AGT 3'), M13ROX (5' CAG GAA ACA GCT ATG ACC 3') fluorescent primers were obtained commercially and correspond respectively to the -21 M13 ROX, -21 M13 FAM and M13 Reverse ROX primers DNA sequencing primers (Applied Biosystems).
Probes. B1-8LPRB (5' CTG TAC CAT AGA GCA CAG 3'), NQ10PRB (5' GAG TTT CCG GGA CCC TCC AG 3'), NQ10KPRB (5' TTG GAA CCA GTT CAT GTA C 3'), V186.2.
Oligonucleotides
The oligonucleotides are listed according to their use as primers or probes. The sequences were based on the sequences of the hybridoma V genes (16, 17) , and the bcr-abl gene (20) , and were synthesised using an Applied Biosystems 394 DNA synthesiser and used without purification. For cDNA synthesis from hybridoma cell lysates, viable cells (5X10 6 ) were boiled for 5 mins in 100 /d water containing 0.1 % diethyl pyrocarbonate and spun for 2 mins at 13,000 rpm in a microcentrifuge. A 'first strand mix' was prepared, comprising 10 yd lOxlst strand buffer, 5/J5 mM dNTPs, 5 id 100 mM DTT, and 25 pmol each forward primer. It was added to a volume of 62-67 y.\ supernatant from the boiled cells, and the mixture heated at 65 °C for 3 mins and left to cool at room temperature for 15 mins. RNasin (160 units) and reverse transcriptase (100 units) were added to bring the total volume to 100 id, followed by 1 hour incubation at 42°C. For PCR amplification, the reactions were set up as below, except with 5 id of the soluble template per tube.
In-ceU PCR from cDNA Reactions were set up in 50 /tl volumes in 0.5 ml Sarstedt tubes with 10 /tl fixed template cells in PBS/0.1 M glycine buffer, 25 pmol back primer, 25 pmol forward primer, 200 /tM dNTPs, 5 /il 10X Taq polymerase buffer (Promega) and 2.5 units of Taq polymerase. The tubes were subjected to up to 40 cycles of PCR with denaturation at 95°C and extension at 72°C for 1 min each. Annealing was for 1 min at temperatures ranging from 60°C to 72°C. For situations requiring cell recovery, a thermal cycling oven ('BioOven', BioTherm Corp.) was used, which did not require the use of a mineral oil overlay. Where cell recovery was not required, cycling was performed on a cycling heat block (Techne PHC-3) with an overlay of 50 /il mineral oil. In experiments involving a mixture of two cell lines, all four PCR primers for each cell line (a total of eight primers) were included in the first linkage PCR using a 100 ill reaction volume. cDNA was synthesised from a 1:1 mix of Bl-8 and NQ10/12.5 (NQ10) fixed cells using the primers MOLFOR, MOJH3FOR, B1-8LFOR and B1-8VHLINK3, and the cells washed and resuspended in PBS/0.1 M glycine for PCR assembly. The first PCR was carried out using the VL forward primers MOLFOR and B1-8LFOR and the VH back primers NQ10BK and B1-8BK. To link the two sets of genes, the PCR linker primers MOVHLINK3, MOVKLINK3, B1-8VLLINK3 and B1-8VHLINK3 were also included. The 3' ends of the PCR linker primers are complementary to the ends of the DNA template, but incorporate a 5' 'tag' to allow assembly of the VH and VL genes (Fig. 1) . The tags were identical for both NQ10 and Bl-8 linker primers, so that all possible combinations of VH and VL could be formed. The second PCR used the nested primers NQ10BKNES, MOLFORNES, B1-8BKNES and B1-8FORNES.
Fluorescence detection of intracellular PCR products cDNA in the Bl-8 and NQ10 cells was subjected to PCR to amplify VH genes, using the primers indicated in Table 1 . They were then washed twice and the genes further amplified with nested PCR primers tagged with sequences complementary to the fluorescence tagged primers (-21ROX, -21FAM, M13ROX) ( Table 1) . After washing, a third PCR was used with In each step the template strand is marked with a thick line, and the newly synthesised (first) strand with a thin line; in some cases, two steps are combined in the figure, and the second synthesised strand (using the first strand as template) is then marked with a dashed line. Sequence tags for assembly are marked as blocks. (1) cDNA synthesis (2) first PCR, (3) further rounds of first PCR giving rise to VH and VL with 'tagged' and complementary ends, (4) assembly during first PCR of VH and VL, (5) second 'nested' PCR, (6) assembled and amplified VH and VL genes. Note that for the cDNA synthesis from Bl-8 cells, the tagged primer B1-8VHLTNK3 was used, but the tag is not marked on the figure. 3pmol of M13 or -21 primers labelled with 6 carboxy-Xrnodamine (ROX) (Applied Biosystems). Conditions for each PCR were 94°C for 40 sees, 58°C for 40 sees, and 72°C for 40 sees. After the final stage the cells were washed three times in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.4) and suspended in the same buffer. A similar protocol was used to amplify assembled VH-VL DNA ( Table 1 ). The cDNA of K562 cells was subjected to amplification using PCR primers specific for the bcr-abl fusion gene (Table 1) . For fluorescence microscopy of K562, ROX labelled primers were used in the third PCR, and for flow cytometry both ROX and 5'-carboxyfluorescein (FAM) labelled primers (Applied Biosystems) were used in separate preparations (Fig.2) .
The cells were examined and photographed on a MRC 500 scanning laser confocal microscope (BioRad). Between 10 3 and 10 4 cells in 10 ill TE were spread on a glass slide and covered with a coverslip, sealed at the edges with nail varnish. In addition, cytofluorographic analysis was performed on a FACScan flow cytometer (Becton Dickinson). Fluorescence data were displayed as logarithmic overlay histograms using Consort 30 software (Becton Dickinson). Cell debris was gated out and 10 5 cells were analysed per sample.
Cloning of assembled genes DNA from the supernatants of cells after assembly and amplification was purified from 1.5% agarose gels in 0.5 xTrisborate EDTA (TBE) buffer (pH 8.0) with ethidium bromide (0.5 /*g/ml) incorporated into the gels. The assembled DNA bands of around 600 bp were eluted with Geneclean II (BIO 101 Inc.), with the addition of Geneclean 'TBE modifier'. The purified DNA was ligated into a 'T vector' derived from Bluescript KS + (Stratagene) (24) , and the vector transfected into E. coli CMK603 by electroporation. The cells were grown overnight on TYE plates (25) with 100 /tg/ml ampicillin, 5-bromo-4-chloro-indolyl-/3-D-galactoside (26) and isopropyl-j3-D-l-thio-galacto-pyranoside (27) . White colonies were replica plated in order to prepare colony lifts for hybridisation, or for use as templates for PCR screening.
For PCR screening of colonies (28) , the reactions were set up in 20 ii\ volumes in individual wells of Hi-temp plates (Techne), containing 8 pmol of forward and back primers, 200 fiM dNTPs, 2 /il lOxTaq buffer and 0.4 units Taq polymerase per well. For example to identify clones from the in-cell PCR of mixed hybridomas NQ10 and B1-8, each clone was screened with the primers NQ10BKNES and MOLFORNES, B1-8BKNES and B1-8FORNES, NQ10BKNES and B1-8FORNES, and B1-8BKNES and MOLFORNES. Each well was inoculated with bacteria from a single replica plated colony by means of a toothpick, and overlaid with 50 /tl of mineral oil. The plates were subjected to 30 cycles of 95°C for 30 sees, 65°C for 1 min and 72°C for 1 min on a Techne PHC-3 heat block designed for multiwell plates. The PCR products were run on 1.5% agarose gels (10 n\ per lane).
For colony hybridisation, bacterial colony lifts were made using Hybond-N nylon membranes (Millipore). The bacteria were lysed with sodium dodecyl sulphate and the DNA denatured and fixed to the membrane by microwaving (29), followed by UV crosslinking. Oligonucleotide probes for heavy (V186.2) and light (B1-8LPRB) chains of the Bl-8 hybridoma, and heavy (NQ10PRB) and light (NQ10KPRB) chains of the NQ10/12.5 hybridoma, were labelled with •y 32 P-ATP using polynucleotide kinase (New England BioLabs) and hybridised to the nylon filters for 16 to 60 hours. The filters were washed with solutions containing tetramethylammonium chloride (21) and exposed on Kodak XAR 5 film.
RESULTS

In cell PCR from mRNA
In earlier work, cells infected with lentivirus had been fixed with paraformaldehyde and stored in ethanol (15) . We fixed the hybridoma and leukaemia cells with formal saline, permeabilised them with NP40, and stored the cells frozen in PBS/0.1 M glycine. We found that with these cells at least, our method resulted in higher yields of amplified DNA as detected in the cell supernatant (see below). The fixed and permeabilised cells remained intact during temperature cycling, and in PCRs from genomic DNA with primers specific for the VH and Vx regions of the hybridoma lines NQ2/12.4 and NQ10/12.5 (NQ10), amplified products of around 300 bp were routinely obtained in the cell supernatants. Permeabilisation was a necessary step (Fig.3) , but formaldehyde concentrations ranging from 4% to 10% were equally effective for fixation. However, fixed and permeabilised cells which had undergone cDNA synthesis provided a much better template for PCR amplification (examples in Fig. 3) . In NQ10 cells subjected to two-stage PCR assembly in which 10 /iCi (25 pmol) 35 S-dATP was added to label the first PCR, 70% of the radiolabelled product was found in the supernatant after the second PCR and 30% was retained within the cells.
The amplified DNA within the cells could be visualised directly by confocal microscopy (or conventional fluorescence microscopy) by incorporation of a fluorescent PCR primer in a third PCR step (30) . The correct combinations of primers for NQ10/12.5 produced strong fluorescence in NQ10/12.5 (and not in Bl-8 cells), and vice versa for Bl-8 (Table 1, Fig. 4 ). The fluorescence was brighter for PCR assembled DNA than for PCR amplified VH DNA, perhaps due to the use of two fluorescent PCR primers or the greater retention of the longer DNA species within the cell (15) . Although there were differences in fluorescence intensity among different cells, most of the cells amplified with the correct primers were fluorescent. The bcrabl fusion gene in K562 cells subjected to in-cell PCR could be detected by fluorescence microscopy (Fig. 4) , and also by flow cytometry (FACS) (Fig. 5) . The fluorescence was located in the Table 1 cytoplasm, and FACS analysis confirmed that the majority of the cells were fluorescent. Amplification of the bcr-abl gene using the chosen primers confirms the synthesis of cDNA in-cell prior to PCR, since the amplified portion (318 bp) contains three introns (21) .
RELATIVE FLUORESCENCE INTENSITY
In-cell PCR assembly Bl-8 and NQ10 cells were fixed, permeabilised and mixed in equal ratios. The mixtures were then treated to cDNA synthesis and PCR amplification and assembly (Fig. 1) , and the linked PCR templates were derived from a 1:1 mix of NQ10/12.5 and Bl-8 cells which were divided into two portions. One portion of the cells were fixed before cDNA synthesis and PCR assembly and nested amplification (Fixed cells), and the other was boiled in water for cDNA synthesis and PCR assembly and nested amplification from soluble mRNA (Random combinatorial). Colonies were screened by PCR for Expts 1, 2 and 3, but extra Expt. 1 colonies were also probed. 
Vx
For preparation of PCR assembly templates a 1:9 mix of Bl-8:NQ10/12.5 cells was divided into two portions. One portion was fixed for cDNA synthesis and PCR (Fixed cells), and the other was boiled in water for cDNA synthesis and PCR from soluble mRNA (Random combinatorial). Clones were probed with 32 P labelled V186.2 probe, and those clones identified with B1.8 VH genes were PCR screened for either VX or Vx genes.
product isolated from the supernatant and cloned. The clones were then screened for the four different combinations of heavy and light chains (see Methods). The results of three independent experiments are shown in Table 2 for 1:1 mixtures. In all cases the in-cell PCRs resulted in linkage of NQ10 VH with Vx, or Bl-8 VH with VX, corresponding to the combinations of the hybridomas; no 'crossovers' were seen in the 104 clones evaluated. By contrast, PCRs performed with soluble cDNA led in addition to cross-over combinations of NQ10 VH with VX and Bl-8 VH with Vx.
These findings were confirmed for colonies from the first experiment in Table 2 , by hybridising blots of replica plated bacterial colonies with 32 P labelled oligonucleotide probes (V186.2, B1-8LPRB, NQ10PRB and NQ10KPRB) for internal sequences of the four V-genes. Again in-cell PCRs gave rise to clones with the combinations of the hybridomas, while clones from the soluble cDNA resulted in additional cross-over combinations (Table 2) .
A more stringent test of VH and VL linkage was performed by PCR of cell and soluble cDNA templates from a mix containing 10% Bl-8 cells and 90% NQ10/12.5 cells (Table 3) . In this case, 450 clones of each PCR assembly were initially probed with 32 P kinase labelled VI86.2 oligonucleotide probe to identify those clones expressing the Bl-8 VH chain. The positive clones were then screened on agarose gels to detect either Vx and VX genes using PCR with the primers MOVKLINK3 and MOLFORNES, and B1-8VLLINK3 and B1-8FORNES respectively. From the in-cell PCR, all the Bl-8 VH clones (27) were all linked to the VX chain. From the assembly from soluble cDNAs, 3 of the 34 Bl-8 VH positive clones were linked to the VX chain, and 31 to the Vx chain.
DISCUSSION
Earlier work had shown that the DNA of lentivirus infected cells could be PCR amplified in infected cells and detected by autoradiography (15) , and more recently HTV provirus has been detected by PCR amplification and peroxidase staining in cells attached to glass slides (31) . In-cell PCR allows the genes of individual cells to be amplified, but without the need to place each cell in a separate tube (32) . It partitions the amplification of a cell population, allowing many independent reactions in the same tube. We have extended the use of in-cell PCR by reverse transcription of mRNA to cDNA within single cells of a suspension. The cDNA is retained within the cell and allows PCR amplification. Furthermore the amplified DNA could be fluorescence labelled within the cell using fluorescent PCR primers, and should allow the analysis of large and diverse populations of cells by FACS. Here we used three PCRs: the first PCR to amplify the DNA, the second PCR to tag the amplified DNA, and the third PCR to fluorescence label the tagged DNA with 'universal' fluorescent PCR primers. However, it should also be possible to fluorescence label the cDNAs within the cell with a single PCR amplification using a set of fluorescent PCR primers specifically made for the gene of interest.
In-cell PCR from cDNA appears to be efficient, as most of the cells of the hybridomas and K562 myeloid leukaemia could be fluorescence labelled, as determined by confocal microscopy (Fig. 4) or FACS (Fig. 5) . A potential advantage of fluorescence labelling over use of radiolabelled probes is that rare positive cells could be isolated by FACS, and their genes cloned directly or after further rounds of PCR.
We were able to assemble the PCR amplified DNA from two mRNAs of the same cell and to amplify the assembled DNA using nested primers, allowing the combinations of linked genes to be identified by fluorescence (Table 1) , and to be cloned. For mixtures of two hybridomas, the original combinations of the hybridoma V-genes were retained even with one hybridoma in nine fold excess. The extent of linkage between two markers of one cell is likely to depend inter alia on whether both mRNAs are amplified efficiently and to high copy number, and on whether there is competition from amplified DNA leaking from other cells to take part in the assembly process. After the first PCR, we therefore washed the cells to remove DNA from their surface or outer layers before using the second 'nested' PCR to amplify those V-genes assembled within individual cells. The strong linkage we see between the V-genes within the same cell may allow even rare combinations of genes to be rescued from a large population of cells.
In-cell PCR and assembly has many potential uses for gene linkage analysis, but a major application is likely to be the cloning of gene combinations that are polymorphic within a population of cells, such as the rearranged genes for Ig or TCR. The linked genes could be cloned for probing, sequencing or expression. In our example, the primers were specific for the two model hybridomas, and the Ig V-genes were assembled in such a way that the linked product cannot be cloned directly for expression of antibody fragments. But with a different choice of PCR primers in both the assembly and nesting steps, the process would provide alternatives to B-and T-cell hybridomas, allowing the original V-gene combinations to be cloned directly into vectors for expression in mammalian cells (5) or bacteria (33, 34, 35, 36, 37) or displayed on the surface of filamentous bacteriophage (9) . By antigen panning of filamentous bacteriophage displaying antibody fragments, even very rare clones could be isolated (9, 38) , and this should facilitate analysis of the V-gene combinations and somatic mutation of natural, immune and auto-immune B-cells, as well as the affinities and specificities of the expressed antibody fragments.
